Biochemistry2001,40, 1293-1299 1293

Solution Structure Determination and Mutational Analysis of the Papillomavirus E6
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ABSTRACT. EBAP is a cellular protein that binds cancer-related papillomaviral E6 proteins. The E6 binding
domain, called E6ap, is located on an 18-amino acid segment of E6BAP. The corresponding peptide was
synthesized and its structure determined by nuclear magnetic resonance spectroscopy. The overall structure
of the peptide is helical. A consensus E6-binding sequence among different E6 interacting proteins contains
three conserved hydrophobic residues. In the structure of the E6AP peptide, the three conserved leucines
(Leu 9, Leu 12, and Leu 13) form a hydrophobic patch on one face afhelix. Substitution of any of

these leucines with alanine abolished binding to E6 protein, indicating that the entire hydrophobic patch
is necessary. Mutation of a glutamate to proline, but not alanine, also disrupted the interaction between
E6 and E6AP protein, suggesting that the E6-binding motif of the EGAP protein must be helical when
bound to E6. Comparison of the E6ap structure and mutational results with those of another E6-binding
protein (E6BP/ERC-55) indicates the existence of a general E6-binding motif.

The human papillomavirus (HPVjs a small DNA tumor tumor suppressor P53. By inhibiting cell cycle repressors,
virus that infects epithelial cellsl). More than ninety E6 and E7 function to promote viral DNA replication and
different HPV types have been described. HPVs that infect viral protein synthesis?.
the genital tract are divided into two groups (low-risk and A 100 kDa cellular protein, E6AP, is required for E6-
high-risk) depending on the tendency of the type to progress dependent p53 degradation. EGAP, which contains ubiquitin-
to cancer. HPV type 16 (HPV-16), for example, is one strain protein ligase activity in its C-terminal Hect domain, forms
in the high-risk group that is strongly associated with cervical 3 stable complex with E6 that results in the specific
carcinoma2). Infection by a low-risk HPV strain can cause ubiquitination and subsequent degradation of P§3 The
the cellular proliferation characteristic of warts but rarely Eg binding domain of EGAP has been localized to an internal
leads to cancef3j. Viral infection occurs in the replicating segment comprising amino acid residues-38@8. This 18-
basal layer epithelial cells, whereas viral replication iS gmino acid segment, called E6ap, is both necessary and
restricted to the upper epithelial layers where cells are syfficient for E6 binding%). EGAP is a cytoplasmic protein
committed to differentiation. The viral genome encodes a in which certain mutations (mostly in the Hect domain) are
set of viral proteins that alter the differentiation pathway of associated with Angelman’s syndron®.(Because E6 is
the host cells for viral production. The viral E6 and E7 not an abundant protein, its cellular location has been difficult
proteins of the high-risk papillomaviruses, which have high tg define, but it has been located in the cytoplasm and nucleus
oncogenic potential, have identified roles in inhibiting or associated with membranous compartments such as the
differentiation and activating cellular proliferation. E7 inhibits ER Q).
the functions of the cell cycle repressor proteins P21 and Besides E6AP, other E6 interacting proteins have been
RB, whereas E6 regulates protein degradation of the Ce"maridentified that have a variety of functions. E6BP (ERC-55)
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Ficure 1: Schematic representation of E6-binding sequences. The
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Most NMR spectra were collected at 26 on a Bruker
AMX-500 spectrometer with a proton frequency of 500.14
MHz. An additional NOESY spectrum was obtained on a
home-built 750 MHz instrument at the Frances Bitter
National Magnetic Laboratory, Massachusetts Institute of
Technology (Cambridge, MA). The carrier frequency was
set on the water resonance, which was suppressed using
presaturation. Two-dimensional NOESY, total correlation
spectroscopy (TOCSY), and double-quantum-filtered COSY
spectra were collected with 2048 data point&jb12 time-
proportional phase incrementstify and a spectral width of
approximately 7000 Hz15). Spectra were processed with
sine-bell window functions shifted by 4%n t, and 60 in t;
using FELIX software. The NOESY spectrum was acquired
with a mixing time of 100 ms. The TOCSY spectrum was
recorded with a mixing time of 40 ms and an MLEV-17
mixing sequencel®). Final spectra were zero filled to 2048
x 1024 (real) points.

Proton assignments were made by following standard

hydrophobic amino acid residues conserved for E6 binding are homonuclear methodsl§). In brief, the amino acid spin
shown in gray. The numbers on top indicate the sequence positionssystems were assigned first from the TOCSY and double-

of these amino acid residues in the corresponding proteins.

guantum COSY spectrum to establish intraresidue connec-
tivities. Sequential assignment was then performed using the

consensus amino acid residues had a modest eff@gt (

sequential residues starting with the spin system of the single

The three-dimensional structure of the E6 binding domain {nreonine residue.

of the E6AP protein may provide insight into the interactions

NOESY cross-peak intensities were converted to distances

between E6 and its interacting proteins. In this paper, we 5nd calibrated with published methods’(18). The three-
present the solution structure of the E6ap peptide determined,ng coupling constant&J(HN,Ho), were measured from
by nuclear magnetic resonance (NMR) methods. On the basise splitting of cross-peaks in the HN dimensiohoy

of this structure, a mutational study was performed t0 coypling constants were converted to dihedral restraifits (

of E6AP for binding to the E6 of bovine papillomavirus
(BPV-1) and human papillomavirus type 16 (HPV-16).

EXPERIMENTAL PROCEDURES
Peptide Synthesign 18-amino acid residue peptide, E6ap,

were determined froriJ(Ha,HpS), measured from splittings

in the Ho dimension of spectra collected in a@ solution,

and by using BB—amide and KB—Hoa NOE cross-peak
intensities 16). There was no evidence of intermolecular
NOE cross-peaks, and the CD spectra collected at two

was prepared synthetically at the Tufts Peptide Facility using different concentrations (0.5 and 1.0 mg/mL) were essentially

Fmoc N-(9-fluorenyl)methoxycarbonyl] chemistry. The N-
terminus was acetylated and the C-terminus amideit&g (
The crude peptide was purified byideversed phase high-

identical. Therefore, structure calculations were performed
on a monomer of E6ap by employing 147 distance restraints
and 17 dihedral restraints (and 7y;) that were entered

performance liquid chromatography (HPLC) and then ana- into the XPLOR program (Biosym Technologies, San Diego,
lyzed by matrix-assisted laser desorption/ionization (MALDI) CA). A simulated annealing method was used with the
mass spectrometry. The molecular weight measured fromPROLSQ force field to generate 30 structures, of which 23
mass spectrometry was 2140.39, which was consistent withwere accepted?Q, 21). These structures superimposed with
the calculated value (2140.37). a root-mean-square (rms) deviation of 0540.17 A for

CD SpectroscopyPeptide solutions contained 0.50 mg/ the backbone of residues—46, which had well-defined
mL peptide in aqueous buffer containing 10 mM;R@, backbone torsion angle$7). Four of the excluded structures
(pH 6.2) and 6-50% trifluoroethanol (TFE). CD spectra had grossly different structures (rms deviation>d.9 A),
were recorded at 15C in a 0.1 cm cuvette on a JASCO and three had scattered NOE violations 0.2 A. The
model 810 spectropolarimeter from 190 to 260 nm using a largest NOE violation in the accepted structures was 0.15
single scan. Spectra were baseline corrected by bufferA. An average structure was created from the set of 23 and
subtraction and deconvoluted using the CDNN program to energy minimized using the PROLSQ force fieRll). The

calculate the percentage afhelix (14).
NMR SpectroscopySamples of the E6ap peptide were
prepared at 2 mM in an aqueous buffer containingRGa

hydrogen-bonding pattern was determined from the calcu-
lated structures using Insightll.
Plasmids Plasmid pSPBPVEG6 encodes BPV-1 E6 in a

and 0 or 40% deuterated TFE (Cambridge Isotope Labora-pSP65 vector. GSTEGAP and GSTEG6APdI (deletion of
tories, Andover, MA) at pH 6.2. Samples were locked on amino acids 391401) were described previouslys)(

the deuterium signal from TFE or from 10%O that was
added to aqueous samples. E6ap p©Dvas prepared by
lyophilizing the peptide solution and dissolving it in 99.96%
D,O with TFE added to a final concentration of 40%.

Plasmid pSP16E6 was obtained from K. Vousd2®).(
Site-Directed MutagenesiE6AP (76 kDa) cloned in the

pPGEX-2T vector served as the starting material for mutagen-

esis. EGAP mutants were made using the QuickChange Site-
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Directed Mutagenesis Kit from Stratagene. The amino acid
sequence of the E6-binding motif of the E6AP protein was
renumbered according to the E6ap peptide numbering. The
following primers, along with the corresponding comple-
mentary oligonucleotides, were used: L9A:GCAGC-
GAGCTGACAGCTCAGGAACTTTTGGG-3 L12A, 5-
GACACTTCAGGAAGCTTTGGGAGAAG-3; L13A, 5-
CTTCAGGAACTTGCGGGAGAAGAAAG-3; E11P, &
GCTGACACTTCAGCCACTTTTGGGAG-3 E11A, 5-
GCTGACACTTCAGGCACTTTTGGGAG-3 G14A, B-
GGAACTTTTGGCAGAAGAAAGAAG-3; and L7K, B-
GAGTCCAGCGAGAAGACACTTCAGG-3

Protein Expression and PurificationGlutathione S
transferase (GST) fusion proteins were exprességsatneri-
chia coli strain DH®. One liter of LB medium was 0
inoculated with 100 mL of stationary culture and the culture
grown far 1 h before induction with 0.2 mM IPTG for 3 h.
Cells were harvested by centrifugation, resuspended in 50
mL of low-salt association buffer (LSAB) [100 mM Tris-
HCI (pH 8.0), 100 mM NacCl, 1% NP-40, and 1 mM
phenylmethanesulfonyl fluoride] with 0.03% SDS and 2 mM
DTT, and lysed by sonication. After centrifugation at 10§00
for 10 min, the precipitate was resuspendediM urea,
combined with the supernatant, and mixed with glutathione
Sepharose beads (Pharmacia). The mixture was subjected
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to rotary shaking fo 2 h at 4°C. The beads were then T

collected by centrifugation at 109@or 2 min, washed three 0 5 10 15 20 25 30 35 40 45 50 55

times with 20 volumes of LSAB, and stored at@. In vitro- %TFE

translated E6 proteins were prepared by using the rabbit FIGURE 2: Circular dichroism spectroscopy of wild-type and mutant
reticulocyte lysate translation system (Promega) #Sd E6ap peptides. (A) CD spectra for wild-type E6ap are shown at 0,

. . 20, 30, 40, and 50% TFE. (B) CD signal at 222 nm for wild-type
labeled cysteine (ICN, Irvine, CA). and mutant peptides as a function of TFE concentration: wild-
In Vitro Association Experiment-or in vitro binding, type E6ap M), L9A (O), L13A (@), L12A (»), and E11P 4).

glutathione-Sepharose beads containing approximately 2

of GST-EBAP fusion proteins were combined with-% uL two residues) were observed in the cross-peaks (Figure 4).
of 3S-labeled in vitro-translated E6 proteins in LSAB in a Three-bond coupling constants between amide awnd C
total volume of 25QuL. The mixtures were gently shaken protons in the same residue were measured from the observed
for 3 h at 4°C. The mixtures were then washed extensively splitting of amide proton cross-peaks taken from one-
with LSAB, boiled in SDS-gel loading buffer, and electro- dimensional slices from a resolution-enhanced two-dimen-
phoresed on SDSpolyacrylamide gels. Gels were fixed and sional NOESY spectrum2@). The 3J(HN,Ha) coupling
intensities determined by densitometry (Molecular Imager, constants for residues—32 were small €6 Hz), which
Bio-Rad, Hercules, CA). suggested that these residues had dihedral angles consistent
with ana-helical conformation (Figure 4). NOE cross-peaks
describing amideamide proton contactg-amide proton

Spectral AnalysiPrimary sequence analysis of the peptide contacts, anqﬂ-am|de proton cpntacts also deflned. a helix
indicated a tendency for the peptide to formaimelix. In ~ for the peptide between residues 4 and 13 (Figure 4).
aqueous solution, deconvolution of the CD spectrum indi- Although the amide-amide NOE data and chemical shift
cated about 20% helix, indicating that three or four residues data suggested an additional helical fragment between
were in a helical conformation. A series of circular dichroism residues 13 and 17, thé-amide proton contacts and the
(CD) spectra collected with increasing percentages of TFE *J(HN,Ha) coupling constants indicated that the helical
showed that 40% TFE provided most of the transition to €lement of residues may be poorly formed. Due to the partial
helix (Figure 2A). The NMR spectra for the sample in overlap in the spectrum, not all of the expected continuous
aqueous solution exhibited a lack of resonance dispersion,NOE interactions between protons separated by three or more
indicating that the peptide was poorly structured. In 40% residues in the primary sequence could be measured with
TFE, the two-dimensional NOESY spectrum exhibited the certainty. Besides those shown in Figure 4, we also observed
typical feature in helical peptides of strong NOE cross-peaks an aH—NH (i,i+4) NOE peak between Leu 7 and Glu 11
between sequential residues in the amidmide proton and oH—pH (i,i+3) peaks between Ser 4 and Leu 7 and
region (Figure 3). between Leu 7 and GIn 10. The observed chemical shifts of

After the completion of resonance assignments, cross-Ca protons for residues-413, which were shifted upfield
peaks in the NOESY spectra were assigned. Short-rangerelative to the standard chemical shifts observed for random
NOE interactions (between adjacent residues) and medium-coil peptides in 40% TFE, provide further evidence that the
range interactions (between residues separated by at leagpteptide was helical24, 25).

RESULTS
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Overall, the calculated structures of the E6ap peptide were
consistent with the NMR data. The three residues at the
N-terminus and the two residues at the C-terminus were not
well ordered. Overall, the apparent structure is one helix
starting near residue 4 and continuing to the C-terminus
(Figure 5B). Closer inspection revealed two families of
structures. Seven of the 23 structures (family 1) exhibited a
continuous-helix from residue 3 to the C-terminal end, as
defined by thep (approximately—60°) andy (approximately
—40°) angles. The majority of structures (family 2) exhibited
ano-helix between residues 4 and 13 and a looser helix from
residue 13 to the C-terminus, consistent with the glycine
residue acting as the breaking (or distortion) point for the
helical structure. For family 1 (seven members), the rms
deviation for the backbone atoms to the average structure
0 of family 1 was 0.4+ 0.15 A. For family 2 (16 members),
~ © the rms deviation for the backbone atoms to the average
(o8 | structure of family 2 was also 0.4 0.15 A. Because we
‘ ‘ could not distinguish between the two families from the

8.8 8.6 8.4 8.2 8.0 NMR data, an average was taken over all the calculated
F2 (ppm) structures. The energy-minimized average structure had a
FiGURe 3: Amide—amide proton region of the two-dimensional  Slightly higher total energy<{171 kcal/mol). All 23 of the
NOESY spectrum of E6ap collected at 500 MHz. The peptide calculated structures were superimposed on the average
comprises amino acids 39808 of the E6-binding protein, EGAP,  structure using residues with well-defingdandy torsion
which are renumbered-118 here. The cross-peaks between the angles (Figure 5A). The rms deviation for residuesl6

amide proton of one amino acid and that of the amino acid next in
sequence indicate am-helical structure between residues 4 and Was 0.54+ 0.17 A for backbone atoms and 1.490.23 A

13. The sample comprised 2 mM peptide in 40% trifluoroethanol for all heavy atoms.

and 10 mM phosphate at pH 6.2 and*td The NOE mixing time Three leucines (Leu 9, Leu 12, and Leu 13) of the E6ap
was 100 ms. peptide were on the same surface of the helix (Figure 5).
1 6 12 18 Sequence homology analysis shows that these residues are
IPESSELTLQELLGEERR conserved among several E6-binding proteins. A search using
NN (i,i+1) I I a peptide library for E6-binding sequences also found
sequences with hydrophobic residues at the positions cor-
NGy — responding to these leucine8).( From prior mutational
BN (1) — EEE W analysis on a homologous proteih2] and our mutational
results qdesc;]ibed beIQW, these hydrophqbic r;:-sidl;es t?red I_ikely
N L to provide the most important interactions for the binding
N (3 __ __ of EGAP to the E6 protein.
N 0000000000005000 In the structure of E6ap, GIn 10 and Glu 15 are not on

the same face as the leucines and Glu 11 is found on the
opposite face of the helix. GIn 10 and Glu 15 are conserved
CsI e — as amino acids capable of hydrogen bonding (GIn, Glu, Asp,
FiGURE 4 Summary of conformational data for the E6ap peptide OF Asn) among the E6-binding proteins (Figure 1). Interest-
(from analysis of 500 and 750 MHz NMR data). NOE peaks ingly, these residues were not determined in the peptide
describing amideamide (NN) proton contactsy-amide (xN) library assay to be important for binding to E®).(Glu 11
proton contactsf-amide N) proton contacts, and &{i)—Hp- is conserved in both E6-binding proteins and the peptide

(i+3) contacts are illustrated, with the thickness of the filled-in . . .
bars corresponding to NOE intensity. Thin bars represent weak library. The conservation and mutational analysis (see below)

n .
contacts (4.65.0 E); medium bars represent medium contacts Suggest a preference, but not a requirement, for hydrogen-
(3.0-4.0 A), and thick bars represent strong contacts+{3.0 A). bonding amino acid residues at these positions for the ability
Coupling constant3](HN,Ha) are indicated for values of6 Hz of the E6-binding proteins to interact with E8)( The struc-

(@), of >7 Hz (©), and between 6 and 7 Hz (gray circles). The : : :
chemical shift index (CSI) is positive when the difference between ture of the E6ap peptide while bound to E6 would give a

the observed H chemical shift and that of a random coil peptide MOre precise definition of the roles played by each amino
was greater than 0.1 ppm and negative when the difference wasacid residue in contacting E6. In addition, the complex would

less than—0.1 ppm. show the bound conformation of the E6ap peptide. However,
o . recombinant HPV-16 and HPV-18 E6 is poorly soluble and
Structure Determination of the E6ap PeptidéOESY unstable (data not shown), and the limited dispersion of the

cross-peak intensities were converted into distance restraintsEéap peptide in aqueous solution would indicate that a trans-
and coupling constants were converted into dihedral re- ferred NOE experiment would be difficult to perforrag).
straints. A set of 147 distance restraints and 17 dihedral Site-Directed Mutagenesis of the E6ap Peptiflanuta-
restraints were used to generate 23 final structures (Figuretional analysis was performed to determine the importance
5A). These structures had negative total energies 27 of individual amino acids of the peptide for E6 binding. On
+ 26 kcal/mol. the basis of the solution structure of E6ap, single-amino acid
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Ficure 5: Solution structure of the E6ap peptide. (A) Stereoview overlay of the calculated structures. The backbone atoms for 23 structures
were superimposed for residues 6. The root-mean-square (rms) deviation for the backbone atoms istO®G47 A. Side chains are

shown only for well-defined residues. Side chains of the residues probed by mutagenesis are in blue; other side chains are shown in red.
For clarity, only heavy atoms are shown. (B) Ribbon diagram of the average structure highlighting essential structural features. Hydrophobic
residues (Leu 9, Leu 12, and Leu 13) that are essential for E6 binding are in gold. Other amino acid residues that were probed by mutagenesis
are in blue.

Wr d1 L7K LSA EL1l1A E11P L12A L13A G14A Input

Table 1: Construction of Point Mutations for GSEGAP Fusion

e — e

FiGURe 6: Conservedr-helical motif that is important for associa-
tion with E6. In a representative experiment, glutathieBepharose
beads containing GSTE6AP fusion proteins were combined with
35S-labeled in vitro-translated BPV-1 E6 proteins. After incubation
and washes, the bound products were separated by-Soi$-
acrylamide gel electrophoresis. Bands were realigned for qualitative
comparison and were quantified by densitometry (Table 1). Input,
loaded directly into the well, represents 5% of fi8-labeled E6
used in each binding reaction.

mutations (L7K, L9A, E11P, E11A, L12A, L13A, and
G14A) were chosen and constructed in the context of the
nearly full-length 76 kDa E6AP protein. The mutant EGAP
proteins were tested for their ability to bind BPV E6 using
an in vitro association assay.

The peptide structure indicated that Leu 9, Leu 12, and
Leu 13 were important for E6 binding. Substitution of any
of these leucines with alanine completely abolished E6
binding (Figure 6 and Table 1). The replacement of a residue
outside the consensus binding region (Leu 7) with Lys did
not significantly affect binding to E6. From the structure,
Glu 11 does not appear to be involved in E6 binding.
Consistent with this, the Glu 11 to Ala mutation did not affect
the binding to E6, although the replacement of Glu 11 with
proline abolished E6 binding. The Gly 14 to Ala mutation
had little effect on E6 binding (Figure 6). E6AP was also
assayed for binding to HPV-16 E6. Similar effects for all
mutations were observed for both the bovine and human
types of virus (Table 1).

Proteins

Name Seqguence® BPV-1” HPV-16°

% binding | % binding

Wild-type ELTLQ ELLGE ERR (100) (100)

Consensus h¢LGh

L7K IPESS EKTLQ ELLGE ERR 47£16 50=x14

LO9A IPESS ELTAQ ELLGE ERR

E11A IPESS ELTLQ ALLGE ERR

E1lP IPESS ELTLQ PLLGE ERR

Liza IPESS ELTLQ EALGE ERR

L13A IPESS ELTLQ ELAGE ERR

G1l4A IPESS ELTLQ ELLAE ERR 115%53

aThe sequences of the 18 amino acids (amino acids-398) in
the E6 binding domain of E6AP are given. The consensus motif
comprises seven amino acid residues (h is D, E, Q, or¢Ns
hydrophobic) that are conserved for at least four of the five E6-binding
proteins (see Figure 1).The percent binding relative to wild-type EGAP
is shown as the average of two independent determinations.

We examined the structures of the mutants that had a
signficant loss in the extent of binding of E6 using CD
spectroscopy (Figure 2B). In the absence of TFE, wild type
E6ap and the mutants L9A, L21A, and L13A had almost
the same helix content (3¥320%). They all underwent a
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similar transition between 20 and 30% TFE, and all exhibited helix at residue 11 is likely to misalign the residues important
a helix content between 40 and 50% in 50% TFE. Therefore, for binding to E6. The result also suggests that the E6-binding
the structures of the mutant peptides are very similar to that motif of the E6AP protein must be helical while bound to
of the wild type. In contrast, the E11P peptide was ES6.

significantly different, both at 0% TFE with a low signal The E6 protein of BPV-1 and HPV-16 E6 are basic
intensity that deconvoluted to about 5% helix and at 50% proteins with estimated isoelectric points of 8.7 and 9.0,

TFE where the helix content was only 25%. respectively. Therefore, it might be expected that the charge
on the E6 interacting peptide would influence binding.
DISCUSSION However, the mutation of Leu 7 to lysine, which is outside

the consensus binding motif, did not significantly affect the
binding to E6. Although the aliphatic portion of the lysine
protein without known intrinsic enzymatic activity. Instead, €Sidue may substitute, in part, for the hydrophobic leucine
its biological effects are mediated by interactions with human Sid€ chain, itis aiso likely that a hydrophobic residue at this
cellular factors such as E6AP, E6BP, tuberin, paxillin, and POSition is not required (Figure 6).
IRF-3 (3). These proteins share a homologous E6-binding ~ Gly 14 is conserved in E6-binding proteins and is observed
sequence comprising seven amino acid residues (Figure 1)in a library of peptides selected for interaction with E6. In
In this study, we determined the structure of a peptide an|II|n,'a.1Ian|ne takes the place of glycine in the corrgspond-
representing the E6 binding domain (E6ap) of EGAP. We Ng Position. In EGAP, the Gly 14 to alanine mutation did
observed that the well-defined helix in the E6ap peptide MOt Significantly affect binding to E6. The conservation of
began at residue 4 and ended at residue 13. The helix2n @mino acid with a small side chain (glycine or alanine)
included the most conserved part of the E6-binding consensusSU99ests that it is a required feature of proteins that bind
region, consistent with the low-resolution structure deter- E6- The small amino acid residue may allow for conforma-
mined for E6BP structure and site-directed mutagengg)s ( tional changes in the peptide upon binding to E6, or may be
Previous studies have shown that a single peptide inhibits equired sterically for the binding motif to fit into its binding
the interaction between E6 and both EGAP and E68p (  Pocket on E6.
This suggests that both proteins interact with E6 with a A model for the binding pocket of E6 can be derived from
similar domain. the structure of E6ap and the mutagenesis results. This pocket
Typical of most small peptides, E6ap was only partly i; i.magined to be deepl, with hydr.ophobic amino acid residues
helical in aqueous solution, but was observed to form a stablelining the bottom that interact with Leu 9, Leu 12, and Leu
o-helix in the presence of 40% trifluoroethanol (TFE). 13 of E6ap. The presence of a small amino acid residue at
Although TFE can stabilize the helix for a peptide with an Position 14 indicates a steric requirement that limits the
intrinsic helical structure, the reagent is assumed not to Se€quences that can bind E6.

All HPV-positive cervical carcinomas express E6 protein
from high-risk human papillomaviruse8)( E6 is an onco-

induce one artificially 13). Typically, short peptides with The structure and mutagenesis studies of the E6ap peptide
intrinsic helical propensities are unstructured in aqueous and E6bp peptides and the homology analysis of several E6-
solution or in the absence of a partner prot@®)( but form binding proteins suggest a general E6-binding motif. The

o-helices in the presence of TFE. TFE is thought to mimic reproducibility of the mutagenesis results for binding to both
the protein partner in the sense that it stabilizes helices inBPV-1 and HPV-16 EG6 proteins indicates not only that the
regions with intrinsioo-helical propensity that are likely to  E6-binding motif is general in the sense that it is present on
form helices when binding to their protein partner. For several proteins that bind E6 but also that the E6-binding
example, a helical structure was observed for the syntheticmotif is sufficiently general to interact with the E6 from any
peptide encompassing the calmodulin-binding domain of papillomaviral type. This E6-binding motif is ax-helix, and
skeletal muscle myosin light kinase both in the presence of the residues used for contacting E6 are on the same surface
TFE and in the complex with calmoduli@). Because there  of the helix forming a hydrophobic patch, with contributing
are examples where TFE appears to artificially induce a helix roles played by hydrogen bond-forming amino acid residues
(29, 30), the structure was validated by an independent and steric requirements surrounding the small amino acid
method such as site-directed mutagenesis. residue.

Mutations were chosen to test the E6ap peptide structure The E6-binding motif falls into the LXXLL motif family,
and also were designed to answer two questions. (1) Area general proteirprotein interaction motif for which the
the hydrophobic residues on the same side of the helix contact is made through a hydrophobic patch formed by the
important for E6 binding? (2) Is the helical structure leucine residues that packs into a hydrophobic pocket of its
necessary for E6 binding? Site-directed mutagenesis con-receptor 81—33). The three-dimensional structures of LXX-
firmed the requirements of the conserved hydrophobic amino LL motifs show them to be helical while bound to the ligand-
acids for binding to E6 (Figure 6), and CD spectroscopy binding domains of their receptors but mostly unstructured
showed that the structures of these mutants were notwhen unbound 34—36). The folding transition of the
significantly perturbed (Figure 2B). Mutation of Glu 11 to LXXLL motif may contribute to the specificity of molecular
alanine showed little change in binding to E6, suggesting recognition 27, 37). In eukaryotic cells, proteinprotein
that the side chain is not necessary for the binding of EGAP interactions that are involved in cellular regulation are often
to the E6 protein. On the other hand, the E11P mutation mediated through such short helical moti&8); Thus, the
abolished binding. Consistent with proline generally breaking viral E6 protein binds human cellular proteins by using a
or distorting an o helix, its introduction significantly mechanism similar to that used by cellular proteins in
destabilized the E6ap peptide (Figure 2B). Breaking of the interacting with each other.
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